Objective: During repair of aortic coarctation through a left thoracotomy without cardiopulmonary bypass, clamping the proximal transverse aortic arch occludes antegrade flow to the left carotid and vertebral arteries. It is assumed that flow through the right carotid and vertebral arteries is adequate for cerebral perfusion. The study objective is to determine whether aortic occlusion impairs left hemispheric cerebral oxygen balance measured by near-infrared spectroscopy.
B
ecause modern surgical techniques to repair congenital heart defects have reduced subsequent cardiac-related mortality and morbidity, focus has turned toward optimizing neurodevelopmental outcome. Repair of isolated aortic coarctation is a procedure with low morbidity and favorable results. 1 Neurodevelopmental outcome has not been selectively examined in this patient population, although neonatal subjects with aortic coarctation have been included in larger studies assessing neurodevelopmental outcome in infants with congenital heart disease. 2, 3 These studies find that, as a group, neonates with congenital heart disease perform within population norms when assessed later in life. 3 However, in comparative studies children with congenital heart disease perform consistently lower than reference populations. 3, 4 One risk factor for cerebral injury and poor neurodevelopmental outcome is intraoperative cerebral ischemia, 5, 6 which can occur during aortic occlusion required for repair of aortic coarctation. Typically, but depending on arch anatomy and repair technique, the clamp occludes blood flow to the left subclavian and vertebral arteries and possibly to the left carotid artery. In the latter case, blood flow to the left hemisphere must be provided through collateral circulation around the circle of Willis. However, abnormalities of the circle of Willis are common in the general population, with a complete circle of Willis being the exception (21%) rather than the rule. 7 In fact, in one study of healthy young adults, magnetic resonance angiography revealed an entirely incomplete (anterior and posterior) circle of Willis in 6%. 8 Near-infrared spectroscopy (NIRS) is a noninvasive optical method that measures changes in tissue chromophore concentration 9,10 that correlate with cerebral blood flow, 11 oxygenation, 10 and cellular energetics, 12 which allow an estimation of the balance of cerebral oxygen delivery and use. The objective of this study was to measure cerebral oxygenation with NIRS during aortic clamping to determine whether cerebral oxygen balance is impaired.
Methods
Children undergoing repair of coarctation of the aorta through a left thoracotomy without the use of cardiopulmonary bypass between February 2003 and June 2004 were prospectively studied. Subjects with additional congenital heart defects or extracardiac anomalies were excluded. The Institutional Committee on Human Research at the University of California, San Francisco Children's Hospital, approved this observational study.
NIRS
NIRS measurements were performed with a NIRO-300 (Hamamatsu Photonics, Hamamatsu City, Japan) equipped with a single monitoring unit. This limitation precluded simultaneous recording from the right and left hemispheres. Therefore, each subject was recorded from either the left hemisphere or the right hemisphere to determine the effects both distal (left hemisphere) and proximal (right hemisphere) to the aortic clamp. Recordings were obtained from the left hemisphere in the first 13 subjects and from the right hemisphere in the subsequent 5 subjects as a comparison group. Each recording was started before aortic clamp application and continued after release of the clamp, allowing comparison of NIRS variables both during clamping and after release within and between left and right hemisphere groups.
Immediately after induction of anesthesia, the NIRS probe was applied to the skin of the forehead below the hairline. The probe consists of a transmitting optode emitting 4 infrared wavelengths and an array of 3 photodiode detectors separated by a fixed distance of 4 cm in a probe holder. The NIRO-300 monitoring unit measures relative change in the concentration of oxygenated and deoxygenated hemoglobin and cytochrome aa3 (CytOx). The array of photodiode detectors allows calculation of an absolute value for total oxygenation index (TOI) by the method of spatially resolved spectroscopy. 13 Continuous measurement of NIRS values with a sample rate of 1 second were digitally recorded, along with patient physiologic variables (heart rate, blood pressure, electrocardiographic, and pulse oximetry), onto a portable computer (Dell Inc, Round Rock, Tex) running BioBench software (National Instruments, Temecula, Calif). Patient data, including hematocrit value, core body temperature, and vasoactive medications, were recorded from the anesthesia record. From NIRS measurements, hemoglobin difference (HbD; HbD ϭ O 2 Hb Ϫ HHb), a measure of cerebral blood flow, 11 was derived. Absolute values of the primary NIRS variables are reported as micromoles per liter times the differential pathlength factor, a value that might vary between NIRS measurements. Therefore, a baseline was calculated as the average NIRS value for 5 minutes before application and removal of the aortic clamp, and only measures of the relative change in NIRS variables were analyzed. Specifically, during aortic clamping and after removal of the clamp, the maximum change and integral from baseline throughout the period ( Figure 1) were calculated for HbD, TOI, and CytOx by BioBench software.
Anesthetic and Surgical Management
Subjects in this cohort underwent anesthesia according to a uniform clinical practice at our institution that includes induction with sevoforane and pancuronium and maintenance with sevoforane, fentanyl, and midazolam. Subjects were intubated and positioned in a lateral recumbent position for left thoracotomy. The aortic arch, arch branches, and descending aorta were dissected and mobilized. The ductus arterious was dissected and ligated. Proximal control was achieved between the innominate and left carotid arteries (n ϭ 13) or between the left carotid artery and left subclavian artery (n ϭ 5). The descending aorta was controlled with an angled vascular clamp distal to the coarctation. No intercostal arteries were sacrificed. In a minority of patients, synthetic patch (n ϭ 2) or subclavian arterial augmentation (n ϭ 1) of the coarctation site and adjacent arch was performed. In most patients, the favored approach was to perform an extended end-to-end (n ϭ 10) or end-to-side anastomosis (n ϭ 5): the coarctation was excised along with all ductal tissue that extended into the aorta. The undersurface of the aortic arch was incised, and an extended end-to-end or end-to-side anastomosis was completed with running 7-0 polypropylene sutures. The clamps were slowly removed. Fourteen of 18 patients had proximal arch control between the innominate artery and the left common carotid artery. Of these patients, 13 had left-sided NIRS monitoring. Of the 5 children who had right-sided NIRS monitoring, 4 had proximal control distal to the left common carotid artery, and the other had arch clamping proximal to the left common carotid artery.
Data Analysis
Processed NIRS and physiologic data and patient information recorded manually were inserted into a common database for statistical analysis with Stata software (Stata Corp, College Station, Tex). The maximum change and integral ( Figure 1) for HgD, TOI, and CytOx of recordings from the right and left forehead during and after aortic clamping were compared by using the Mann-Whitney U test for continuous or ordinal data. Nominal data were compared with the Fisher exact test. Linear regression (univariate) was used to assess the relationships between the changes in each NIRS variable with patient (age, weight, sex, and coarctation type), pharmacologic (use of antihypertensive or inotropic medications), or operative (aortic crossclamp time and surgical procedure) characteristics.
Results

Patient and Procedural Characteristics
We studied 18 subjects aged 1 week to 9 years. Thirteen consecutive subjects had the NIRS probe applied to the left side of the forehead to monitor the effects of aortic clamping on cerebral oxygenation distal to the clamp, and the subsequent 5 subjects had the NIRS probe applied to the right side of the forehead for comparison of cerebral oxygenation proximal to the aortic clamp. Subjects who had recordings from the right hemisphere were older (median, 46.8 months vs 5.2 months) and all were male (left hemisphere subjects, n ϭ 7/13 [54%] male). However, the aortic occlusion time (mean Ϯ SD, 18 Ϯ 5 minutes in the left hemisphere vs 19 Ϯ 2 minutes in the right hemisphere; P ϭ .64, Mann-Whitney test), the frequency of hypoplastic isthmus (n ϭ 3/13 in the left hemisphere vs 3/5 in the right hemisphere; P ϭ .27, Fisher exact test), and the distribution of repair techniques (P ϭ .06, Fisher exact test) were similar. Most patients in this study had coarctation repair with an extended end-to-end (n ϭ 10) or end-to-side (n ϭ 5) anastomosis. Other techniques used included patch augmentation (n ϭ 2) and subclavian flap (n ϭ 1). Figure 1 presents typical raw data tracings for blood pressure (upper panels) and HgD (lower panels) in subjects monitored over the right hemisphere (Figure 1, A) and those monitored over the left hemisphere (Figure 1, B) . Occlusion of the aorta (first arrow; Figure 1 , A) increases blood pressure proximal to the clamp as the entire cardiac output is delivered to the proximal aorta. After release of aortic clamps (second arrow; Figure 1, A) , there is a transient decrease in blood pressure as the cardiac output is redistributed to the descending aorta before regulation back to baseline. In all 5 subjects monitored over the right hemisphere, HbD increased during aortic clamping (Figures 1, A , and 2, A and B) and transiently decreased after removal of the aortic clamp (Figure 1, A, and 2, A and B) . In contrast, 10 of 13 subjects monitored over the left hemisphere had a significant decrease in HbD as measured by maximum change (Figure 1 
Aortic Clamping Decreases Hemoglobin D Levels
Cerebral Oxygenation and Cellular Metabolism Are Generally Preserved During Aortic Clamping
During aortic clamping in subjects monitored over the right hemisphere, cerebral oxygenation measured by TOI increased in all but one patient (Figure 2, C) . In contrast, subjects monitored over the left hemisphere displayed a more variable response, with the majority of subjects (n ϭ 7) having a negative maximum change in TOI during aortic clamping. However, comparison of the change of TOI during aortic clamping among the left and right hemisphere groups (Figure 2, C and D) did not identify significant differences (P ϭ .3 maximum change; P ϭ .6 integral TOI, Mann-Whitney). This observation and the fact that the median integral change of TOI after aortic clamping is slightly positive (Figure 2, D) reflects that many subjects monitored 
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over the left hemisphere recovered TOI values back to and above baseline by the end of the clamping period. Similar changes to those in TOI were observed from the subset of subjects monitored over the left hemisphere (n ϭ 8) and subjects monitored over the right hemisphere (n ϭ 4) who had CytOx recorded during their procedure. Only one subject monitored over the right side had a decrease in the maximal change or integral CytOx. However, the majority of subjects with left-sided monitoring (n ϭ 6) had a small decrease (median, Ϫ0.2 mol/L*dpf; range, Ϫ2.8 to 0.6) in the maximum change of CytOx during aortic clamping. After clamp removal, all subjects monitored over the right hemisphere had a decrease in maximum change or integral of CytOx. Subjects monitored over the left hemisphere had a variable response of maximum change or integral CytOx after clamp removal. The patient monitored over the left hemisphere with the largest decrease in maximum change for CytOx during clamping (Ϫ2.8 mol/L*dpf) continued to experience a decrease after clamp removal, resulting in the largest observed change in CytOx during the study (Ϫ6.6 mol/L*dpf; Figure 2 , E).
Nitroprusside Treatment During Aortic Clamping Decreases Cerebral Oxygen Balance
On univariate analysis, the 2 patients treated with nitroprusside during aortic clamping had a significant decrease in HbD (P ϭ .001, maximum change; P Ͻ .001 integral; Table  1 ) and in TOI (P ϭ .04), but not in CytOx. This effect was specific for nitroprusside administered during aortic clamping because nitroprusside administered before or after clamping was not associated with a decrease in HbD (all P Ͼ .2, Table 1 ). In light of this relationship of nitroprusside to cerebral oxygen balance during aortic clamping, we examined the effects of other vasoactive infusions. The effect is unique to nitroprusside because esmolol or inotropes (dopamine and dobutamine) administered at any time did not affect HbD (all P Ͼ .1).
Characteristics of the patient, including age and weight, presence of aortic isthmus hypoplasia, procedure used, or time needed to repair the coarctation, were also not associated with changes in cerebral oxygenation measured by means of NIRS (all P Ͼ .1). Changes affecting oxygen-carrying capacity (hematocrit) or metabolic rate (patient temperature), which are known to affect NIRS variables, did not account for the changes observed during aortic clamping (all P Ͼ .1). Finally, blood pressure measured during clamp application and after removal was not associated with changes in HgD or TOI. However, blood pressure was significantly associated with the integral of CytOx (P ϭ .04, Table 1 ). This association cannot explain the effect of nitroprusside administered during aortic clamping because nitroprusside administration was not associated with significant changes in CytOx ( P ϭ .9, maximum change; P ϭ .1, integral; Table 1 ). Statistically significant values are shown in italics. HbD, Hemoglobin difference; TOI, total oxygenation index; CytOx, cytochrome aa3; MAP, mean arterial pressure. *Nitroprusside before/after clamping (n ϭ 2); nitroprusside during clamping (n ϭ 2).
Clinical Outcomes and Follow-up
There were no hospital deaths, and all children are alive at a median follow-up of 15 months. No patients have required balloon dilation for recoarctation.
Discussion
Neurologic complications of heart surgery in infants and children are common, with a reported incidence of 2.3% for overt clinical presentation 14 and up to 54% to 67% when more sensitive magnetic resonance imaging is applied. 15, 16 Successful prevention of cerebral injury requires closer investigation of the timing and mechanisms of acquired injury. 16, 17 NIRS monitoring during cardiac surgery offers several distinct advantages. NIRS is portable, noninvasive, continuous, and relatively inexpensive. Selected NIRS variables can be measured to estimate cerebral blood flow (HgD), 11 cerebral oxygenation (TOI), 13 and intracellular energetics (CytOx), 12 which reflect brain function. In this study we have used NIRS to monitor cerebral oxygen balance during aortic occlusion for repair of aortic coarctation through a left thoracotomy without the use of cardiopulmonary bypass.
Repair of coarctation of the aorta with or without arch hypoplasia requires extensive mobilization of arch vessels, the descending aorta, and intercostal branches. All ductal tissue is excised, and a large tension-free anastomosis to the undersurface of the aorta can be accomplished to prevent recoarctation, especially in neonates with transverse arch hypoplasia. Such an operative strategy usually requires control of the arch proximal to the left carotid artery, just distal to the innominate artery, or both. This assumes that collateral blood flow and completeness of the circle of Willis allows for a favorable and even distribution of cerebral blood flow.
Here we show that in a significant subset of patients undergoing coarctation repair, proximal occlusion of the aortic arch results in transient but significant impairment in contralateral cerebral oxygen balance. Monitoring of NIRS variables proximal to the aortic clamp (right side) consistently showed that on aortic arch occlusion, HbD, an indirect marker of cerebral blood flow, increased. On removal of the clamp, right-sided HbD decreased to baseline levels. However, NIRS monitoring distal to the aortic clamp (left side) showed that on application of the arch clamp, a progressive decrease in left-sided HbD occurred, despite increases in right radial arterial blood pressure. Nitroprusside use exacerbated the decrease in HbD in 2 patients. Use of nitroprusside to treat hypertension resulted in a 10-fold greater reduction in left-sided cerebral blood flow, as measured on the basis of HbD. Andropoulos and colleagues 18, 19 have reported decreased saturation in the left cerebral hemisphere in most patients during regional cerebral perfusion for neonatal aortic arch repair. This group uses phenoxybenzamine for afterload reduction as part of their standard bypass strategy for arch repair. This might explain the high frequency of impaired left cerebral oxygen balance during regional cerebral perfusion if phenoxybenzamine impairs cerebral autoregulation in the same manner that we have observed for nitroprusside.
On completion of the coarctation repair and removal of clamps, HbD decreased because of relative systemic hypotension, except in those patients with the greatest magnitude of decrease during clamping. In these patients HbD increased even in the setting of systemic redistribution of flow after clamp removal, suggesting a left-sided cerebral vasodilatation to compensate for the decreased flow during arch occlusion. Despite decreases in left-sided HbD during proximal arch occlusion, indicators of cerebral oxygenation and cerebral energetics appeared to be preserved.
Rodriguez and associates 20 reported their experience with the cerebral effects of aortic occlusion during coarctation repair in children. Using transcranial Doppler scanning to monitor middle cerebral artery blood velocity, the authors found transient central nervous system hypoperfusion as a consequence of flow redistribution during aortic declamping in young infants. Older children usually showed faster autoregulatory compensation to the hemodynamic changes that occurred after unclamping the aorta. The authors inferred age-related physiologic differences, suggesting that young infants might require higher perfusion pressures during declamping to prevent decreases in cerebral blood flow. In the current study changes in left-sided cerebral oxygen balance during clamp application and early after its removal were not age dependent and were uniformly observed in neonates, infants, and older children. It should be noted, however, that after clamping, the decrease in HbD noted on left-sided NIRS monitoring was not absolute. There was a minority of patients in whom left-sided cerebral oxygen balance did not change during proximal arch occlusion, implying that cerebral autoregulatory mechanisms were active and also suggesting a completeness of the circle of Willis.
This study has notable limitations. The NIRS device used in this study was only capable of monitoring a single site, preventing simultaneous recording proximal and distal to the aortic clamp. HbD and CytOx are only indirect estimates of cerebral blood flow and cellular energetics, respectively. Current NIRS technology only allows for relative measurements of the primary NIRS variables. NIRS monitors use device-specific strategies (eg, spatially resolved spectroscopy) to derive an absolute measure of oxygen saturation. 13 Continuous transcranial Doppler (TCD) insonation of the middle cerebral artery and jugular venous oximetry are alternative techniques that have been used during cardiac surgery to estimate cerebral blood flow. However, TCD measures cerebral blood flow velocity and not flow, 21 and TCD does not monitor oxygen delivery or extraction. Con-tinuous jugular venous oximetry, in contrast, can estimate cerebral oxygen extraction but is invasive and insensitive to regional cerebral ischemia.
We did not observe any clinical neurologic sequelae of the NIRS findings of impaired left-sided cerebral oxygen balance during a proximal arch occlusion, which is consistent with the fact that only 2 patients had a maximum decrease in TOI of greater than 10 mol/L*dpf, a magnitude of decrease 22 that has been associated with postoperative neurologic dysfunction. 23 In particular, there was no evidence of postoperative neurologic deficit, stroke, or seizures, although this cohort was not studied with postoperative magnetic resonance imaging. Therefore, the question remains how to determine the neurodevelopmental effects of transient and asymmetric but significant impairment in cerebral oxygen balance during a coarctation repair. Significant cerebral injury can occur in neonates and can be undetectable by means of clinical examination. 17 Preoperative and postoperative magnetic resonance imaging will now be applied to determine whether brain injury occurs after transient decreases in left-sided cerebral blood flow measured by means of HbD. To avoid impairments in cerebral blood flow, it can be argued that a transsternal approach with relative hypothermia and selective cerebral perfusion might be optimal for children who have coarctation of the aorta, especially with arch hypoplasia. The current data also support the avoidance of afterload reduction to treat right radial arterial hypertension during aortic clamping because normalization of right radial arterial blood pressure can result in significant impairment of cerebral oxygen balance, possibly because of disruption of cerebral autoregulatory mechanisms. Furthermore, as previously reported, flow redistribution and hypotension occurs after declamping of the aorta, and persistent mild descending aortic compression might be indicated after clamp removal to avoid decreases in blood pressure and thus reduction in cerebral blood flow.
In conclusion, we have identified a significant decrease of HbD, a surrogate marker of cerebral blood flow, in the left hemisphere during aortic clamping in selected patients. Ongoing studies with intraoperative NIRS monitoring and postoperative magnetic resonance imaging and neurodevelopmental follow-up are needed.
